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Coiled-coil signalingHAMP domains are widely abundant signaling modules. The putative mechanism of their function
comprises switching between two distinct states. To unravel these conformational transitions,
we apply site-directed spin labeling and time-resolved EPR spectroscopy to the phototactic
receptor/transducer complex NpSRII/NpHtrII. We characterize the kinetic coupling of NpHtrII to
NpSRII along with the activation period of the transducer and follow the transient conformational
signal. The observed transient shift towards a more compact state of the HAMP domain upon
light-activation agrees with structure-based calculations. It thereby validates the two modeled
signaling states and integrates the domain’s dynamics into the current model.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The propagation of signals across cellular membranes or along
extended scaffolding proteins is often governed by switching the
signal transmitting proteins or their complexes in a stable and
robust manner between on- and off-states characterized by differ-
ent conformations and/or dynamics in the underlying structural
ensemble [1,2]. Among such systems, coiled-coil signal transduc-
tion complexes in bacterial and archaeal photo- and chemotaxis,
show a remarkable combination of properties in their performance
[3]. These systems cluster into extended hexagonal arrays [4]
together with the subsequent kinase CheA and adapter proteins
CheW. Via a two-component system with the response regulators
CheB and CheY [5], they bias the rotation direction of the ﬂagellar
motor [5]. Thereby they mediate the change in cell motility, taxis,
in response to external stimuli such as light in phototaxis or
chemicals in chemotaxis, with a high gradient sensitivity of down
to 1% over the length of the bacterial cell, and simultaneously
maintain a linear output dependence over ﬁve orders of magnitudein ligand concentration or light intensity while integrating the
various signals and their possibly opposite effects, i.e. both attract-
ing and repelling stimuli [3].
The photoreceptor–transducer complexes and the chemorecep-
tors, that are homologous to the transducers [6], contain two types
of coiled-coil structures. The extended cytoplasmic signaling,
adaptation and kinase control domain [7,8] forms a four helical
coiled-coil consisting of a dimer in which each monomer contrib-
utes two anti-parallel supercoiled helices. The second coiled-coil
domain, called HAMP domain [9], is a signaling module found in
over 5500 proteins [10].
This four-helical bundle is made up by a dimer, featuring a par-
allel arrangement of two shorter helices from each monomer
linked by an 11 residue connector. HAMP domain functions in
terms of signal inversion or ampliﬁcation are still under debate
[7] as is the conformation of the domain’s signaling state. Different
conformational states have so far only been observed on
distinct HAMP sequences, yet a conformational transition between
two such states upon signaling [11] is the current working
hypothesis.
In the phototaxis system of the archaea Natronomonas pharaonis
studied here (Fig. 1), light activates the retinal chromophore in a
separate receptor protein [12], here NpSRII, which forms a complex
Fig. 1. (A) Two component phototaxis system of N. pharaoniswith NpSRII/NpHtrII as the receptor/transducer complex that controls the subsequent kinase CheA. CheA in turn
activates the response regulators CheY and CheB by phosphorylation, and CheY-P subsequently alters the rotation of the ﬂagellar motor. A second feedback mechanism called
adaptation tunes the transducer’s sensitivity via reversible methylation by CheB and CheR [37]. (B) NpSRII photocycle, determined by the transient changes in optical
absorption spectrum of the retinal chromophore [33]. It undergoes a series of transitions between intermediate states upon activation, fast kinetics populate the signaling
M-state from where the receptor relaxes back to the ground state in <1 s.
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tein NpHtrII [13,14]. In the NpSRII/NpHtrII complex, helix F of
NpSRII moves outward in response to photoisomerization of the
retinal and in turn induces a downstream conformational change
in the tightly coupled transmembrane helix TM2 of NpHtrII
[13–15]. This conformational change comprises a rotation of TM2
by 10–15 along with a piston-like displacement towards the
cytoplasmic side by 1 Å [16–18].
For the signal propagation by the HAMP domain it was sug-
gested [19] that the two-state thermodynamic equilibrium found
for the ﬁrst HAMP domain in NpSRII/NpHtrII is shifted upon activa-
tion, yet further details as well as signal propagation along the
coiled-coil transducer remain largely elusive, including the activa-
tion mechanism of the ﬁve-domain kinase CheA [20]. Therefore, we
characterize the kinetic coupling of NpHtrII to NpSRII along with
the activation period of the transducer and follow the transient
conformational signal by time-resolved EPR spectroscopy probing
at individual spin-labeled sites along the transducer, here through-
out the ﬁrst HAMP domain. Of the various available models for
HAMP domain signaling [21], a recently suggested two state model
[11,22] encompassing helix rotation [23] was found to be in agree-
ment with our EPR spectroscopic data integrating changes of the
dynamics [24,25] into a uniﬁed view. The observed kinetics show
a tight receptor–transducer coupling scheme for both states and
suggest that the relaxation kinetics contribute to signal ampliﬁca-
tion already on the level of receptor–transducer dimers.
2. Materials and methods
Details for expression, puriﬁcation and reconstitution of spin-
labeled NpSRII/NpHtrII complexes into native purple membrane
lipids, here performed according to [13,16,18], are given in the
Supplementary information, along with details on the transient
optical absorption and continuous wave (cw) EPR spectroscopy,
both carried out as described in [26].
Time-resolved EPR spectroscopy was performed in cw mode
and using lock-in detection on a home-built 9.5 GHz spectrometer
equipped with a dielectric resonator (Bruker Biospin, Germany)
similar as in [18] with details given in the Supplementary informa-
tion, along with a detailed description of the data analysis
procedure.
HAMP domain modeling in the two states [11] was carried out
using Modeller 9.11 Build 8834 [27] and followed by energy min-
imization in NAMD [28] with the CHARMM27 forceﬁeld [29,30] as
detailed in the Supplementary information. The fractional volume
calculation was implemented in VMD [31] analogous to the algo-
rithm by Altenbach et al. [32].3. Results & discussion
3.1. Kinetic correlation shows coupled receptor–transducer activation
dynamics
To trace the kinase-activating signal along the extended trans-
ducer NpHtrII, we use spin labeling in conjunction with EPR spec-
troscopy to probe NpHtrII for conformational and dynamical
changes starting from the transmembrane region. In order to
establish a correlation to the initial signal, we monitor the photo-
induced all-trans to 13-cis isomerization of NpSRII’s retinal chro-
mophore and its subsequent relaxation back to the ground state
by transient optical absorption spectroscopy, which allows follow-
ing the transitions between the so called photocycle intermediates
[12,33]. Conformational changes of NpSRII observed during the
photocycle, most eminently the outward movement of helix F
[13,17], activate NpHtrII via the coupling of NpSRII’s helix F with
the transducer helix TM2 [16]. Here we directly observed the prop-
agation of the initial signal along the transducer by spin labeling
and EPR spectroscopy [34] and correlate the obtained EPR kinetics
to the photocycle kinetics.
TM2 continues as amphipathic sequence 1 (AS1) in the subse-
quent HAMP domain. Upon activation, TM2 undergoes a combined
rotation [16] and piston movement [17,35], which is the conforma-
tional and dynamical input signal to the ﬁrst HAMP domain [15].
The signal in TM2, observed at position V78R1 (R1 denotes the spin
label side chain), exhibits a fast (2 ms, cf. Fig. 1B) off-to-on tran-
sition followed by a slower relaxation (100–400 ms, cf. Figs. 1B and
S1) back to the ground state.
Using spin labels at different positions in NpHtrII’s ﬁrst HAMP
domain (Fig. 2A) we determined the relaxation kinetics of the
NpSRII/NpHtrII complex by transient EPR and optical spectroscopy.
Together the selected spin labeled sites cover most residues neigh-
boring the heptad interface positions (Fig. 2A), which provide the
essential inter-helical interactions stabilizing the four-helical bun-
dle – a packing commonly found in coiled-coil helical structures
[36]. Signal-induced changes of either conformation or dynamics
of the HAMP domain can be expected to alter these essential inter-
actions [11,23] upon switching between signal on- and off-states.
Spin labels attached to residues neighboring the heptad positions,
where mutations are tolerated in chemoreceptors [24], serve as
reporter groups for alterations in conformation and dynamics.
The optical transients of the studied spin labeled variants,
determined for the second half of the photocycle, require three
exponential functions for ﬁtting (Table 1 and SI) as depicted in
Fig. 2B exemplarily for the mutant A94R1. The three resulting time
constants for this mutant exhibit slightly slower kinetics than
Fig. 2. (A) First HAMP domain of NpHtrII with helices AS1 and AS2 in blue and green, respectively, and the connector in gray. Ca-positions for cysteine substitution mutants
used in this study are highlighted as spheres in black and gray in the two monomers, respectively. (B) Normalized transient optical absorbance differences upon light
excitation of NpSRII/NpHtrII157A94R1 reconstituted into purple membrane lipids and transient EPR signal (experimental data shown in color: 400 nm in cyan, 500 nm in
green, 550 nm in orange, EPR in red) with global tri-exponential ﬁts (black, dashed).
Table 1
Time constants determined by exponential ﬁtting for transient optical and EPR spectroscopic data.
Mutant t1/ms1 t2/ms t3/ms EPR-t1/ms2 EPR-t2/ms exp.3 sim.
Wild type 15.9 269.5 449.8 – – – –
V78R1 83.0 256.8 e4 438.9 e 628.2 – d d
A88R1 120.1 220.5 e 732.9 e 685.2 2000 e (;) (")
S89R1 120.1 213.8 437.1 – – (0) (")
S91R1 185.3 388.5 e 1058.1 e – – (0) (;)
T92R1 167.5 532.0 1645.5 – – 0 0
A94R1 217.5 e 350.5 e 949.6 e 905.8 2000 e ; ;
A95R1 176.4 e 333.4 e 1123.5 590.6 1500 e ; ;
S98R1 160.7 e 667.4 e 2276.1 209.1 2000 e ; ;
R99R1 159.4 682.9 2428.3 – – 0 0
G101R1 161.4 e 628.0 e 1843.5 352.1 2000 e ; ;
G118R1 3.9 274.3 445.7 – – 0 ;
D119R1 258.6 e 289.1 841.8 e 694.2 1500 e ; ;
Y121R1 143.1 e 514.4 e 1576.8 297.4 2000 e ; ;
A122R1 254.2 e 407.1 e 2000 649.6 1500 e ; ;
1 t1–t3 represent the results of tri-exponential ﬁts of the transient optical data. For comparison time constants for wild type NpSRII/NpHtrII based on three wavelengths are
shown. Errors were estimated to be < 10%.
2 The EPR time domain data can be ﬁt using an effective time constant (EPR-t1) comparable to relaxation times of the photocycle (light-induced changes) and a sample heat
dissipation time constant (EPR-t2) of 1.5–2 s.
3 Light-induced changes determined from the EPR difference spectra (exp.) as well as the steric hindrance differences (sim.) are indicated by the symbols ‘‘;‘‘ for
immobilization, ‘‘"’’ for mobilization, and ‘‘0’’ where a change could not be resolved. A change in dipolar coupling is indicated by ‘‘d’’.
4 To show agreement with the transient optical data, the EPR transients can alternatively be ﬁt by tri-exponential functions using the time constants indicated by ‘‘e’’ (see
text).
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concomitantly sufﬁce to explain the EPR kinetics observed at posi-
tion A94R1 since they can be used to ﬁt the transient EPR signal
(see Fig. 2B in red with black ﬁt) accompanied by an additional
long time constant to account for sample heating during illumina-
tion (see below). Similarly, for the other spin label positions a
slight mutant-dependent variation is observed in the photocycle
kinetics (Table 1). The inﬂuence of spin labeling of the HAMP
domain on the receptor, which is situated upstream, suggests that
changes of the transducer state such as methylation [37] may also
affect the receptor, possibly extending the regulatory role of the
methylation sites to the receptor. Consistently, this variation in
the kinetics is observed here for both optical as well as for EPR
transients (cf. Fig. S1). Resulting from the slightly varied kinetics,
the different mutants show different accumulations of the NpSRII
M and O-intermediates during the photocycle indicated by the
maximum transient signal changes at 400 and 550 nm, respec-
tively (Fig. S1).
Conformational changes of the R1 side chain microenvironment
may result in changes of the spin label motional freedom, its acces-
sibility to water molecules and therefore environmental polarity,
or alterations of spin–spin interaction within a pair of R1 side
chains [16]. The different origins can be distinguished bycomparison of the experimental EPR spectral changes with spectral
simulations [38] for which the above mentioned parameters are
varied. In the present experiments transient EPR spectral changes
upon light activation were followed. During irradiation heating of
the samples cannot be completely avoided. Thus, the transient
EPR spectral changes are composed of contributions originating
from light and heat induced conformational transitions and from
heat induced changes of the spin label mobility. Both effects are
distinguishable according to their different relaxation times: The
heat induced effects follow heat dissipation in the sample after
illumination, which was found to be characterized by a time con-
stant of 1.5–2 s, whereas the light induced effect can be described
by the signiﬁcantly shorter photocycle time constants (see SI). For
all spin label positions we ﬁnd an overlap of the ﬁts with the exper-
imental data for both optical as well as EPR transients with one
common set of time constants (denoted by ‘‘e’’ in Table 1), for
the EPR transients including an optional heat relaxation contribu-
tion (time constant 1.5–2 s) (Fig. S1).
The resulting kinetic consistency between optical absorbance
probing the retinal state and the transient EPR signal change from
the spin label sites in the transducer reveals a concerted response
and a tight coupling between the conformational changes in NpSRII
and the changes in the HAMP domain for both light-excitation and
Fig. 3. (A) Cw EPR spectra (black) with mobile (m) and immobile (i) components
labeled, and transient EPR difference spectra (cyan) obtained after illumination by a
LED at 500 nm for 1.5 s. Difference spectra are shown as the amplitude spectra
corresponding to time constant EPR-t1 (cf. Table 1) of bi-exponential ﬁts of the
individual time traces (see SI). Error bars show the transient amplitude error due to
noise. Scaling factors denote the upscaling of the transient spectra for visibility. (B)
Spectra simulations, which ﬁt the EPR spectra shown in (A) (black), or which reveal
an increased population of the immobile component (here by 10% for positions
88–122) (red) or a decrease of dipolar coupling (position 78) (red). The difference is
shown as blue bars and scaled up for visibility.
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plex. This shows that a single receptor activation event leads to
an extended period of 500–700 ms of transducer activation. Since
the activated CheA phosphorylation rate is in the range of
30–50 ms [39,40], light activation leads to a phosphorylation burst
and thus, in addition to the high cooperativity provided by the
array structure (Hill coefﬁcients up to 10 [41]), contributes to
signal ampliﬁcation already in a single receptor/transducer
trimer-of-dimers.
3.2. Transient EPR difference spectra reveal a pattern of different steric
hindrance changes
To further analyze the transient changes in the HAMP domain in
terms of varying local steric restrictions as measured by the spin
label mobility, we determined the transient EPR difference spectra
for the spin-labeled HAMP domain variants. For V78R1 the light-
induced spectral change due to the altered dipolar spin–spin cou-
pling [16] clearly dominates and hence mono-exponential ﬁtting
can be employed to obtain the EPR difference spectrum, while
for the remaining mutants global biexponential ﬁts using the
pre-determined time constants for light induced (400–900 ms)
and heat induced (1.5–2 s) spectral changes (Table 1) provide the
relaxation amplitudes at each B-ﬁeld position. Based on the differ-
ent time constants, a clear separation between both effects can be
achieved for A88R1, A94R1 and D119R1. Since for A95R1, S98R1,
G101R1, Y121R1 and A122R1 the largest time constant found for
the photocycle is in the range of the heat relaxation time, the sep-
aration of the light induced effect is based on the faster time con-
stants (<700 ms) only. The resulting spectra representing the
amplitude difference upon illumination are shown in Fig. 3A (blue
bars). Using spectral simulations based on the solution of the sto-
chastic Liouville equation [38], different simulations with a varia-
tion in the dipolar spin–spin coupling, the spin label mobility or
the conformational equilibrium were obtained (Fig. 3B). A compar-
ison to the transient EPR difference spectra allows to identify the
variation which reproduces the experimental difference spectrum,
here in a qualitative manner since the sample is only partially
excited by light in the present experiments. This is veriﬁed using
V78R1 (Fig. 3A) for which a change in dipolar spin–spin interaction
upon light-activation was reported previously [16]. The simulated
difference spectrum considering a differential change in dipolar
broadening agrees with the experimental difference spectrum
(Fig. 3A and B).
The spectra of the HAMP domain variants are composed of two
spectral components revealed by the splitting of the low ﬁeld res-
onance peak (labeled i and m in Fig. 3A). Upon light activation
A88R1 exhibits a transiently decreased mobile (m) component
while the immobile (i) component is increased along with a slight
increase in the local polarity as evident from the agreement
between experimental and simulated difference spectra where a
polarity change is included for this mutant (Fig. 3A and B). Since
the mobile and immobile components were previously found to
be in a thermodynamic equilibrium [19], the observed spectral
change corresponds to a shift in the population of the two states.
Thus, light activation shifts the equilibrium towards an increased
immobilization or steric restriction of the spin label dynamics. This
is accompanied by slightly elevated water accessibility as moni-
tored by the polarity increase.
While S89R1 and S91R1 reveal no detectable transient signals,
one helix turn down AS1, A94R1 and A95R1, that reside in the
AS1–AS20 dimer interface, show two-component cw EPR spectra
that undergo a comparable transient shift towards a larger immo-
bile fraction (Fig. 3A) in qualitative agreement with the simulated
Fig. 4. (A) Side and top view of homology models of the ﬁrst HAMP domain of
NpHtrII in the putative dark- and light state, based on the PaHAMP2 [11] and the
Af1503 HAMP [23] conformations. The four layers of interacting side chains in the
helical bundle core are marked by black lines. (B) Top view of only the four layers
indicated in (A). Side chains in heptad x- and d-positions are highlighted in red and
in blue, respectively, while native side chains replaced by spin labels that yield
resolvable transient EPR difference spectra are shown in green.
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interface, S98R1 and G101R1, exhibit a resolvable transient
immobilization. Further downstream, probing in AS2 at positions
D119R1, Y121R1 and A122R1 again shows transient spectral differ-
ences that are small (Table 1 and Fig. S2A), yet indicate an immobi-
lizing shift upon light-activation of the receptor/transducer complex.
Taken together the changes observed at these positions provide a
pattern of local mobility differences (Table 1 and Fig. S2A) that is a
ﬁngerprint of the conformational and dynamical changes in the
HAMP domain upon light-activation.
3.3. Structure-based steric hindrance differences agree with a
suggested model
Further quantiﬁcation of the observed local mobility differences
requires calculating predictions of the spin label mobility based on
a structural model. After a line of evidence that the HAMP domains
exhibit two states, termed dynamical bundle model [7,24,25],
these were found to be in a thermodynamic equilibrium [19].
While in an initial structure the second state remained a hypothe-
sis [23], more recent X-ray crystallography data revealed two
states as two different conformations of two consecutive HAMP
domains in a three HAMP chain structure [11]. These were subse-
quently found to induce opposite signaling states when fused to
the cytoplasmic domain of the chemoreceptor Tar in Escherichia
coli [22]. According to this two-state model [11,22] a single HAMP
domain could exhibit both conformations and undergo a transition
between the two states upon activation, albeit observation of both
of these states upon switching is still pending.
Here we assume and test this mechanism for signaling on a sin-
gle HAMP domain. As described in Section 2, we built light and
dark state models of NpHtrII’s ﬁrst HAMP domain (Figs. 4A and
S3) based on the two conformations [11] and evaluated predicted
spin label mobility differences between the two models with
respect to the experimentally observed transient mobility changes.
The required structure-based mobility prediction is carried out
similar to an approach applied previously, where Altenbach et al.
[32] calculated the volume available to a single side chain, the
so-called fractional volume, to measure the steric hindrance and
solvent accessibility of a given side chain. Here we use the frac-
tional volume differences (Table 1 and Fig. S2B) calculated for
light- and dark state models of the HAMP domain (Figs. 4A and
S3) to compare to the experimentally observed differences in spin
label mobility.
The resulting fractional volume differences for each HAMP
domain residue (Table 1 and Fig. S2B) reveal a pattern of different
local packing densities due to altered steric restrictions upon the
modeled dark- to light-state transition. Especially for side chains
in or close to the hydrophobic core (Fig. 4B), a decrease in steric
freedom shows a tighter packing of the domain. Entering the four
helical bundle, for the ﬁrst helix, AS1 (positions 89–102), increased
steric restrictions are predicted for all core and core-neighboring
side chains, while residues pointing outward from the bundle cen-
ter experience no change in their local environment (Figs. S2B and
S4B). In AS2, spanning from residues 115 to 129, a similar change
in local restrictions is observed, even though the differences are
signiﬁcantly less pronounced (Fig. S2B) since they tend to be dis-
tributed over two side chains contributing mainly to the bundle
interface (Fig. 4B). The comparison of the fractional volume differ-
ences along the HAMP domain sequence to the central line ampli-
tudes in the transient EPR difference spectra as a measure of
mobility change reveals remarkable differences for residues
88–91 as well as striking agreement from position 92 onwards (last
and second last column in Table 1 and Fig. S2). Initial differences at
the beginning of helix AS1, here positions A88R1 to S91R1, are due
to the side chain contacts of NpHtrII and NpSRII within the complex[42] and spin labels at these positions are therefore likely to be
inﬂuenced by the movement of NpSRII in addition to changes of
interactions within the HAMP bundle in response to light-
activation. T92R1 exhibits only a very small transient signal as
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facing side chain (Fig. 4B). Further downstream, positions A94R1
and A95R1 near the AS1–AS20 interface show a strong and a weak
immobilizing transient change, respectively, in both experiment
and modeled responses. A scissors-like opening of the AS1-ends
(cf. Fig. S3) in the HAMP domain dimer leads to the prediction of
large transient changes in this region, speciﬁcally for positions
S98R1 and G101R1 where the packing differences become most
evident (Fig. 4B). The experimentally observed immobilization is
in agreement with the modeled steric changes in the inter-helical
interfaces in this region, yet the signiﬁcantly smaller amplitudes
we observed, indicate either an underestimation of the transient
amplitudes due to the incomplete separation of light- from heat-
induced effects or alternatively, a less pronounced scissors-like
outward movement as compared to the model. Here further exper-
imental tests by inter spin distance measurements on isolated
dimers will clarify the contribution of this motional component
to the overall conformational changes, yet this approach extends
beyond the scope of the present work. Also in helix AS2, for posi-
tions D119R1 and A122R1, we ﬁnd resolvable, and for position
Y121R1 partially resolvable, shifts towards a stronger immobiliza-
tion that can be explained by altered side chain and packing inter-
actions for positions D119R1 and Y121R1, while for A122R1 an
immobilizing inﬂuence of the linker connecting AS1 and AS2
appears more likely (Fig. 4B). Taken together a combination of
helix rotation and shift motions, as assumed in the present model,
comprising the transition from the previously crystallized so-
called HAMP2 to the HAMP1 state [11], sufﬁces to explain the
experimentally observed transient differences upon light activa-
tion, while the scissors-like opening motion appears overly pro-
nounced in comparison to the present experimental data.
3.4. Conformational and dynamical changes in the HAMP domain
While interpretation of the experimental data so far focused on
the comparison of two static models, there are in fact two confor-
mational ensembles present in the HAMP domain, two states that
have been shown to be in a thermodynamic equilibrium in the
dark-adapted state [19]. Here the shape of the experimental and
simulated transient EPR difference spectra points to an immobiliz-
ing shift in this equilibrium for all positions in the HAMP domain
where a transient EPR signal could be resolved (cf. Fig. 3 and
Table 1). Depending on the local environment and its steric restric-
tion changes, we observe a more or less pronounced shift in the
two component EPR spectra towards an increased immobile frac-
tion, in accordance with a light-induced shift in the conformational
equilibrium. This suggests that the two conformational ensembles
of the HAMP domain represented by the two models feature differ-
ent dynamics on the nanosecond time scale caused by the altered
side chain interactions in the core of the four helical bundle (cf.
Fig. 4). The change in interactions is explained by the transition
from x-da packing to knobs-into-holes packing [11], which is the
conventional interaction pattern found in coiled-coils [36]. On
the scale of the whole HAMP domain, the dynamical differences
relevant for the two signaling states, previously termed dynamical
bundle model [7,19,24,25], are here shown to be compatible with
our experimentally determined immobilizing shifts. Consequently,
this also shows that the dynamical bundle model and the tested
conformational transition are congruent descriptions rather than
mutually exclusive, and thereby the current study contributes to
bridging this gap and suggests a uniﬁed view of HAMP domain sig-
naling by switching conformation and dynamics in a congruent
manner. Similarly, in case of NpHtrII’s adaptation region, the
altered coiled-coil packing and dynamical states were termed Yin
Yang model [43].At a lower resolution using ﬂuorescence labeling kinetics in the
dark- versus light-adapted states of the HAMP domain, Spudich
and coworkers [44] observed differences in residue accessibility
only in the AS1 region interfacing the beginning of AS2 as well as
in the AS2 region interacting with the end of AS1, a difference
interpreted as an inverse helical shift, upwards from the center
of gravity for AS1 and downwards for AS2, leading to a slight over-
all extension of the domain. The described motion is compatible
with the model tested here since the helical shift is a clear contri-
bution to the overall conformational transition.
Additionally, the functional role of the HAMP domain as a signal
inversion module [44] demands for input- and output signals with
largely inverted properties in terms of their dynamics or conforma-
tion. This in principle is difﬁcult to picture for the helical shift,
where the known piston-type displacement of input helix TM2
[17,35], produces a downward motion into the cytoplasm at the
receptor level while the HAMP domain via its extension response
would amplify the piston motion rather than invert it. For the heli-
cal rotation component of the complex conformational change, a
response inversion is evident since the direction of the helix rota-
tion is directly inverted by the HAMP domain.
Recently, in a chimeric HAMP-chemotransducer structure
resolved by X-ray crystallography [45], different packing modes
were observed along the coiled-coil while the b-factors suggest
the presence of different dynamical regions, providing evidence
for concerted dynamical and conformational changes. Since the
packing modes are interrelated by helix rotation, such a differential
rotation should be part of the HAMP domain output signal, which
is in agreement with our modeling of the HAMP domain transition
based on the model suggested by Airola et al. [11].
Further support for the model discussed here comes from a
recent molecular dynamics study of the entire functional unit, a
trimer of receptor/transducer dimers [Orekhov et al. unpublished].
The revealed interplay between dynamical and conformational
changes gives rise to an overall signaling model based on the inter-
change between dynamical and conformational states, more com-
pact or more dynamically packed ones, alternating along the
extended transducer coiled-coil and separated by the widely
known discontinuities in the heptad repeats termed phase stutters
[9,22]. The detailed model of the HAMP domain motion described
here not only provides further experimental evidence by the tran-
sient EPR data obtained in the native membrane environment and
under near-physiological conditions, but it also reﬁnes the details
of the conformational and dynamical changes underlying the
signal propagation mechanism of HAMP domains upon transmem-
brane signal input. Additionally, it provides insight into the
mechanistic details of signal transmission along coiled-coils in
general.
4. Conclusions
The prototypical transmembrane phototaxis receptor/trans-
ducer complex NpSRII/NpHtrII undergoes light-dependent activa-
tion which leads to a signal being propagated that ultimately
activates the subsequent kinase CheA. This process features
extraordinary properties of high sensitivity, cooperativity and
response linearity, as well as ampliﬁcation of the initial signal by
the intrinsic kinetics of the signaling complex via the conversion
of a singular excitation event to a prolonged activation period.
The present study shows that during excitation and relaxation
the transducer undergoes a dynamical and conformational
transition which we follow transiently. The resulting transient
EPR spectroscopy data for the HAMP domain shows a pattern of
light-dependent local immobilization. This is in agreement with
the structural transition described in the two-state model [11,22]
3976 D. Klose et al. / FEBS Letters 588 (2014) 3970–3976and with the dynamic bundle model [7,19,24,25], suggesting a uni-
ﬁed view of HAMP domain signaling via switching of conformation
and dynamics.
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